Resonance enhancement of x rays in a thin film and fluorescence emission from embedded marker layers within the film have been studied. With embedded marker layers of Ti, Fe, and W at different depths in a thin Si film on a Au-coated Si substrate, it has been shown that the position of a marker layer throughout the depth of the film can be unambiguously determined with a precision better than 0.5 nm. In this example, fieldintensity enhancement upto 16 times have been observed. Field enhancement gives rise to enhanced sensitivity. The usefulness of this resonance-enhanced x-ray fluorescence spectrometry in the study of diffusion with marker layers in thin films including polymers and nanocomposites has been elucidated. The depth distribution of the two polymer components in the blend was determined by measuring the x-ray fluorescence yield from specific ͑marker͒ atoms in one polymer component as a function of angle of incidence.
Physical phenomena such as, total external reflection, 1 interference fringes in reflection from layers on a substrate, 2 formation of evanescent, 3, 4 and standing waves, 5 and resonance enhancement of x rays in thin films on substrates [6] [7] [8] are observed when x rays are incident at grazing angles on flat surfaces of materials. Odd-order resonance enhancements of x rays have been observed by Wang et al. in a Langmuir-Blodgett ͑LB͒ layer 6 and Dev et al. observed both odd and even order enhancements in a polymer blend layer. 7 The depth distribution of the two polymer components in the blend was determined by measuring the x-ray fluorescence yield from specific ͑marker͒ atoms in one polymer component as a function of angle of incidence.
Marker layers are usually used in the study of polymerpolymer interdiffusion in thin films. For example, diffusion coefficients have been determined by placing a marker layer of Au between two polystyrene layers of different molecular weights and measuring the shifts of the marker layer position due to polymer interdiffusion by Rutherford backscattering spectrometry ͑RBS͒.
9 X-ray reflectivity ͑XRR͒ is also used to study diffusion of polymers of different molecular weights with the help of heavy atom marker layers. 10 While the RBS technique has poor depth resolution, the disadvantage with XRR is that the heavy atom layer has to be thick enough to remain as uniform layer to give a good electron density contrast in the polymer. Resonance-enhanced x-ray fluorescence spectrometry ͑REXFS͒, as shown here, would be a better choice for diffusion studies with marker layers. In these experiments fluorescence from marker atoms are detected. The pattern of fluorescence yield variation as a function of angle of incidence contains the information about the marker depth. In the experiment by Wang et al., fluorescence signal was collected from a loosely packed biatomic layer, while the number of fluorescing atoms involved in the experiment by Dev et For resonance enhancement of x rays, various plots of intensities in earlier works [6] [7] [8] as well as in the inset of Fig.  1͑b͒ show that the x-ray field intensities at depths equidistant from the middle of the film are equal. It may appear from the plots that a marker layer placed at either of these two equidistant positions would give rise to the same fluorescence yield, and consequently by fluorescence yield measurements their positions could not be distinguished. However, this is not true. The field intensities are equal at these positions only at specific angles. Here we demonstrate that fluorescence yields from marker atoms placed at depths equidistant from the middle of the film, detected over an angular range, have quite different profiles and there is no ambiguity in the detection of these positions. We demonstrate this by measuring fluorescence yield from thin (ϳ1 nm͒ embedded marker layers of Ti, Fe, and W at different depths within a thin Si film (ϳ50 nm͒ on a Au-coated Si substrate. Ti, Fe, and W layers were embedded at approximate depths of 12.5, 25.0, and 37.5 nm, respectively. That is, the Ti and the W layers are equidistant from the position of the Fe layer. Results clearly show that any marker position in the film can be determined unambiguously. Thus the movement of a marker layer throughout the layer thickness can be precisely determined as needed in a diffusion experiment.
We first present the computation of the theoretical field intensities from a model system-a Si thin film on a Aucoated Si substrate. We compute the angular dependence of the field intensities at depths where we plan to embed the marker layers. The detailed theoretical description is followed from the work of Dev et al. 7 If we consider a multilayer as schematically shown in the inset of Fig. 1͑a͒ , where E 0 t and E 0 r represent the incident and the reflected E fields outside the top layer, respectively and E j t (0) and E j r (0) represent the transmitted and the reflected E fields at the top of the jth layer. Then the total E field at the position r within the jth layer is given by
and the field intensity ͑for s polarization͒ at a given depth z from the top of the jth layer is
Reflectivity outside the surface is given by Rϭ͉E 0 r /E 0 t ͉ 2 . E j t 's and E j r 's and in turn R and I j 's are computed using a recursion relation 7, 8, 11 with the knowledge of the layer thickness d j 's, interface roughness j 's and the dielectric functions ⑀ j 's, where ⑀ j is given by
In Eq. ͑3͒ ␦ j and ␤ j are related to the electron density and the linear absorption coefficient of the j th layer, respectively. The transmitted field intensity, ͉E 1 t ͉ 2 , is an oscillatory function of and may be quite large in comparison to the incident intensity, ͉E 0 t ͉ 2 , under appropriate conditions giving rise to large enhancements 7 in I j (,z) at specific values. Resonance enhancement occurs at these specific angles. This usually happens within a layer of low electron density ͑e.g., Si, polymer, LB layer etc.͒ when it lies on a layer of higher electron density ͑e.g., Au͒.
Let us discuss the results of calculations of various quantities using an example. We take a three layer system: Si/Au/ Si, schematically shown in the inset of Fig. 1͑a͒ . In this computation we have used the following parameters: E ␥ ͑en-ergy of the incident x rays͒ ϭ 11.1 keV, ⑀ 1 ϭ1Ϫ(3.96 ϫ10
, incident x rays will undergo total external reflection from the silicon layer and an evanescent wave will be present in the layer. For Ͼ c (Si) the incident x rays penetrate into the silicon layer and get reflected strongly by the Au layer up to ϭ c (Au). At c (Si)ϽϽ c (Au) a part of the x-ray beam, already reflected from the Au layer, is reflected back into the silicon layer from the silicon/air interface. The constructive interference between this beam and the incident beam causes enhancement of field intensity in the silicon layer.
For this system the reflectivity R() is shown as a function of grazing angle of incidence () in Fig. 1͑a͒ . Field intensity enhancement within the Si layer occurs at those angles where there are minima in the reflectivity curve. The field intensities I(z) within the top Si layer for the angles of incidence () corresponding to the first, second, third and fourth minima in reflectivity are shown in the inset of Fig.  1͑b͒ . We notice that standing wave patterns are generated within the layer. This also shows that the intensity is enhanced within the layer, the enhancement being the largest for the first order, which is about 19 times. We notice from the inset of Fig. 1͑b͒ that second, third and fourth orders have 2, 3, and 4 antinodes, respectively, formed within the layer, with decreasing intensity. In Fig. 1͑b͒ we present the angular dependence of the field intensity at three positions within the top silicon layer, In our experiment we monitor the field intensity by detecting fluorescence yield from Ti, Fe, and W atoms embedded as thin marker layers at zϷ12.5, 25.0, and 37.5 nm, respectively, within a 50 nm thick Si film.
The samples were prepared under ultrahigh vacuum condition ͑base pressure: 3ϫ10
Ϫ9 mbar͒ with an e-beam coating unit. Six crucibles were used to deposit all the elements. First a thin film of Cr ͑20 nm͒ was deposited on the Si substrate and then 70 nm of Au was deposited on the Cr layer. Cr is coated to increase the sticking of Au on the substrate. Then Si and the marker layers of W, Fe, and Ti were deposited to make the film structure as follows: Si͑12.5͒/Ti͑1.0͒/Si͑12.5͒/Fe͑1.0͒/Si͑12.5͒/W͑1.0͒/ Si͑12.5͒/Au͑70͒/Cr͑20͒/Si͑substrate͒. The numbers in the parenthesis indicate the nominal thickness in nm. The rate of . . . . . . . . . ͒, respectively. First through fourth order resonance enhancements take place at these angles. deposition for Si, Cr, and Au was 0.02 nm/sec and that for the three marker layers ͑Ti, Fe, and W͒ was 0.01 nm/sec. X-ray reflectivity and fluorescence measurements were performed using synchrotron x radiation in HASYLAB at the RÖ MO I bending magnet beam line. A monochromatic beam (ϭ0.1116 nm͒ was obtained using a Si͑333͒ and Si͑511͒ double crystal monochromator. The slit widths parallel and perpendicular to the sample surface were 3.5 mm and 60 m, respectively. The sample size was 25 ϫ20 mm 2 . Beam divergence was 0.005°. The scattering geometry was that for s polarization. A NaI͑Tl͒ detector detected the specularly reflected beam and a Si͑Li͒ detector detected fluorescence from Ti, Fe, and W layers, excited by the E field in the sample. The average exit angle ␣ ͓the inclination of the Si͑Li͒ detector with respect to the sample surface͔ for fluorescent photons was 25°. Measurement was made up to ϭ1.0°with 0.001°step size. Data collection time at each point was 20 sec.
The experimental reflectivity and the fluorescence yield data ͑Ti K ␣ , Fe K ␣ , and W L ␣ ) from the marker layers and the corresponding fitted theoretical curves are shown in Fig.  2 . Although the marker layers are thin, we treated them as individual layers in the computation. The footprint correction has been incorporated in the experimental curves. All the theoretical curves in Fig. 2 for the fluorescence yield have also been corrected for the fact that the fluorescence count increases as increases due to finite aperture of the Si͑Li͒ detector. The reflectivity curve does not follow the trend as calculated for the case of the Si/Au system ͓Fig. 1͑a͔͒. This is because the marker layers of high electron density are also contributing to the shape of the reflectivity curve. From the fitting of the reflectivity ͑up to ϭ1°) we obtain layer densities, thicknesses and surface and interface roughnesses. Surface and interface roughnesses ( j 's͒ are Ͻ0.3 nm. It is observed that the density of the layers are 4Ϫ7 % smaller compared to the bulk values. Since the marker layers are of higher density than the spacer Si layers, the shape of the reflectivity curve has changed compared to an ideal Si layer of 50 nm thickness. We notice that the reflectivity curve ͓Fig. 2͑a͔͒ has a hump at about ϭ0.3°. This is because of the first order Bragg reflection from a semiperiodic multilayer formed with Si͑12.7 nm͒/marker (ϳ1.5nm) bilayers. This bilayer is repeated four times on the Au layer. The Bragg peak is broad because the number of bilayers is small. Figures 2͑b͒, 2͑c͒ , and 2͑d͒, show the fluorescence yield from Ti, Fe, and W marker layers, respectively. We fit the fluorescence yield data with the density, thickness, surface and interface roughness values extracted from the reflectivity fit. The contributions of interface roughnesses are considered as error function distributions. 12 It is clear from Figs. 2͑b͒ and 2͑d͒ that the angular dependence of the fluorescence yield from equidistant positions around the middle of the film are quite distinct. Each of them is again distinct from the yield from marker at the middle position ͓Fig. 2͑c͔͒. This means that if a single marker layer is used within a thin film for diffusion studies, the marker layer positions for marker movement throughout the depth of the film can be unambiguously determined. In Fig. 2 we also notice ϳ11-16 times x-ray intensity enhancement in the first order. In tion is better than 0.5 nm. Resonance enhancement of x rays can be observed in materials where absorption of incident x rays is reasonably small. Elements or compounds involving low-Z atoms fulfill this criterion. This enhancement has been shown for a polymer layer. 7 Thus for diffusion studies in polymer layers using marker, REXFS would be superior to other available techniques. The superior depth resolution allows determination of diffusion coefficients as small as 10 Ϫ21 cm 2 /sec. 13 In diffusion experiments marker layer movement may also broaden the marker atom distribution. The shape of the fluorescence yield curve is sensitive to this broadening and can be evaluated as in Ref. 13 .
We discuss some other areas of applications of this technique below. Novel organic/inorganic nanocomposites can be designed using simple polymers 14 or using templates formed with block copolymers. These copolymers spontaneously self-assemble into regular arrays of domains whose size can be controlled from a few to several tens of nanometers. Selective decoration or loading of such block copolymer domains with metal [15] [16] [17] or semiconductor 18 nanoparticles can be achieved. It is extremely difficult to probe the depth profile of the nanoparticles particularly for a small volume fraction of nanoparticles. X-ray reflection standing wave fluorescence spectrometry has been applied to this problem. 19 In usual x-ray standing wave experiments a maximum field intensity enhancement of four times can be achieved. However, the resonance enhancement process can achieve a much higher enhancement. In the present example as much as 16 times enhancement in the first order is seen in Fig. 2͑c͒ . For depth profile measurements the resonance enhancement technique has been used to determine depth profiles of components in a two-component polymer blend layer. 7 Because of the intensity enhancement, REXFS would have a higher sensitivity for this type of applications. Together with the position resolution better than 0.5 nm this technique is expected to find applications in the area of nanocomposites.
Our experiment, utilizes the simultaneous detection of elastic scattering ͑reflection͒ and one of the inelastic scattering processes, fluorescence. Detection of other inelastic scattering processes can provide other valuable information. For example, in some cases phonon spectra from confined nanoparticles can be obtained via inelastic nuclear resonant scattering from nanoparticles containing Mössbauer isotopes. Such experiments on thin films containing 57 Fe Mössbauer isotopes have been performed by Röhlsberger et al. 20 However, they could achieve an intensity enhancement of about 4 times. This is because the marker atoms were distributed over the whole thickness. A comparison of the response from distributed marker layer and that from a marker layer confined in the middle of the film is given in Ref. 7 . On a thin Fe layer, confined at the middle of a polymer or silicon layer, as shown here, the field enhancement is much larger. In the present case it is 19 times enhanced ͓Fig. 1͑b͔͒. An optimized condition would give even higher enhancements. The enhanced sensitivity due to this x-ray intensity enhancement would allow measurements on an amount of materials much smaller than a monolayer. This would mean that in an iron film, the surface vibrational density of states can be distinguished from that in the bulk of the layer by selectively putting a 57 Fe monolayer at the surface or in the middle of the Fe layer.
In summary, we have shown that in resonance enhanced x-ray fluorescence spectometry experiments, position of a marker layer within a thin film can be determined unambiguously. Thus diffusion studies using marker layers can be performed in thin films of polymers and other materials involving low-Z atoms. The x-ray intensity enhancement would provide higher sensitivity. Combined with its superior depth resolution, we believe that this technique will find applications in the areas of polymer and nanostructure research.
